Abstract: Weight gain and stretched abdominal muscles from an enlarged gravid uterus are remarkable features during pregnancy. These changes elicit postural instability and place strain on body segments, contributing to lower back pain. In general, the agonist and antagonist muscles act simultaneously to increase joint stabilization; however, this can cause additional muscle stress during movement. Furthermore, this activation can be observed in pregnant women because of their unstable body joints. Hence, physical modalities based on assessments of muscle activation are useful for managing low back pain during pregnancy. Musculoskeletal models are common when investigating muscle load. However, it is difficult to apply such models to pregnant women and estimate the co-contraction of muscles using musculoskeletal models. Therefore, the purpose of this study is to construct a musculoskeletal model for pregnant women that estimates the co-contraction of trunk muscles. First, motion analysis was conducted on a pregnant woman and the muscle activations of the rectus abdominis and erector spinae were measured. Then, the musculoskeletal model was specifically modified for pregnant women. Finally, the co-contraction was estimated from the results of the musculoskeletal model and electromyography data using a genetic algorithm. With the proposed methods, weakened abdominal muscle torque and the co-contraction activation of trunk muscles were estimated successfully.
Introduction
Women experience specific anatomic physiologic and hormonal changes during pregnancy especially on the musculoskeletal system of the axial skeleton [1] . For example, there is weight gain in the abdomen and a shift in the center of gravity as fetal growth occurs. In addition, it is thought that an enlarged gravid uterus stretches and weakens abdominal muscles [2] . These physical and musculoskeletal changes elicit postural and movement changes and place strain on various body segments and muscles, which subsequently contribute to musculoskeletal pain, especially lower back and pelvic girdle pain during pregnancy [3, 4] . Pain around the lower back and pelvis is collectively called lumbopelvic pain (LPP), and it is a common symptom during pregnancy that lowers the quality of life in many women during and after pregnancy [5, 6] . LPP is thought to be strongly related to physical stress from daily basic activities, such as walking [7] , and in particular, from some motions that includes flex rotations of the trunk, such as sitting, standing and bending [8, 9] . Thus, physical modalities are needed to treat these musculoskeletal disorders of pregnancy, with proper exercise techniques and movement coaching, to maintain abdominal muscle function [10] .
In general, the agonist and antagonist muscles of some body segment act simultaneously during human motion. For example, the rectus abdominis usually acts as an antagonist muscle to the erector spinae that acts as an agonist muscle during trunk expansion. Simultaneous contraction is called co-contraction, and is thought to be a mechanism to improve movement efficiency and increase joint stabilization [11, 12] . For example, the erector spinae stretches the trunk, and at the same time, the rectus abdominis acts to increase the mechanical stiffness of the joint in the trunk segment [13] . It can be believed that the activation of these muscles is easily observed in pregnant women because of their unstable body balance. Meanwhile, one of the main risk factors of LPP is fatigue in the back muscles such as the erector spinae [4] . The activation of the rectus abdominis could increase the burden on the erector spinae as well as exacerbating mechanical stiffness. Hence, physical modalities based on assessments by both motion analysis and observations of muscle activation increase the effectiveness of remedial therapy.
Musculoskeletal models have been recently used as an effective tool for visualizing human movement, investigating muscle load, and analyzing the functional capacity of muscles. In musculoskeletal modeling simulators, skeleton and muscle models use averaged values from a human body database. By inputting motion and force data to the models, the joint torque of body segments can be calculated from inverse dynamics. The joint torque is the same value as the sum of the collective torque from muscles that act on joint motion. This assumes that all external force that is applied to the human body is inputted to the model. In addition to these procedures, muscle torque is estimated through an optimization scheme to decide the distribution ratio of joint torque to muscle torque for the joint. These models have been applied to various fields, such as sports, ergonomics, and physical modalities [14] [15] [16] . However, very few studies have been conducted on the construction of a musculoskeletal model of pregnant woman [17] . Moreover, it is difficult to estimate the co-contraction of agonist and antagonist muscles using a musculoskeletal model. This is because an optimization scheme for the approximate minimization of muscle stress is typically used to estimate muscle activation patterns in musculoskeletal models [18] . Antagonist muscle activation increases the metabolic cost and is not selected by such schemes. Although electromyography (EMG) is a method to measure actual muscle activation, it detects the electric potential generated by muscle cells, rather than muscle force. On the other hand, an approach to estimate muscle force based on the signal patterns of EMG was suggested [19, 20] . However, measuring EMG during maximum voluntary contraction (MVC) tasks is required to use this method. In other words, this method is not suited for people who cannot perform MVC tasks, such as pregnant women. To address these issues, Oyong et al. proposed a method for estimating muscle torque and joint torque from EMG using a genetic algorithm (GA) for stroke affected patients who have difficulty in performing MVC tasks [21] . However, their method was not exclusive to stroke patients, but rather designed for anyone unable to perform MVC tasks.
This study proposes a musculoskeletal model for pregnant women in late pregnancy because they tend to experience remarkable physical changes and LPP at that time. First, sit-to-stand motion analysis was conducted on a pregnant woman using an inertial measurement unit (IMU) and surface EMG. Then, a musculoskeletal model was specifically modified to meet the size and mass of the body segments of pregnant women and their stretched abdominal muscle. Finally, the co-contraction of the rectus abdominis and erector spinae was estimated from the joint torque calculated in a musculoskeletal model of pregnant woman and EMG data using the GA.
Materials and Methods
Motion analysis experiments on a pregnant woman were performed while she sat down on a chair and stood up, in order to obtain the data for a musculoskeletal model. These motions were selected because they are easy to perform and related to LPP during pregnancy. Then, a musculoskeletal model specifically fitted to a pregnant woman was developed and muscle activation was estimated using a GA. The study was carried out in accordance with the guidelines of the Declaration of Helsinki, and the study protocol was reviewed and approved by the Ethics Committee of the Kishokai Medical Corporation (approval number 2015_002).
Participant
A pregnant woman was recruited and agreed to participate in the study. The participant was 36 weeks into her singleton pregnancy. She did not have serious orthopedic disorders or neurological diseases, and her pregnancy was not considered high-risk. Before the motion analysis, it was determined that she did not have external injuries that could affect the motion analysis. In addition, information pertaining to her body mass at the time of the experiment and gained body mass during pregnancy was collected from a questionnaire to construct the musculoskeletal model. This physical data is shown in Table 1 . Figures 1 and 2 , the participant was evaluated using six IMUs incorporating tri-axis accelerometers, gyroscopes, and magnetometers (TSND151, ATR-Promotions Co., Ltd., Kyoto, Japan). The six IMUs were attached to a fixed belt at the level of the C7 spinous process, L4 spinous process, bilateral position 10 cm above the patella, and bilateral position 10 cm above the lateral malleolus, to measure the motion of upper trunk, lower trunk (pelvis), thigh segment, and bilateral shank, respectively. Some motion, such as vibration and the rotation of each segment could be analyzed by acquiring data from the attached IMUs. The signals were sampled at a frequency of 100 Hz. Meanwhile, Nintendo's Wii Balance Board (WBB; Nintendo, Kyoto, Japan) was used to measure vertical reaction forces. The measurement accuracy of the WBB is ± 7.84 N (0.8 kg) from 0 to 68 kg and ± 11.76 N (1.2 kg) from 68 to 100 kg. Two WBBs were placed under the participant's feet and on the chair to measure the vertical ground reaction force and the vertical reaction force from the chair, respectively. The box on the left is the inertial measurement unit (IMU) (TSND151, ATR-Promotions Co., Ltd., Kyoto, Japan). The box in the middle is the electromuscular amplifier unit (AMP-151 ATR-Promotions Co., Ltd., Kyoto, Japan), and the cables on the right are surface electrodes (SE-C-AMP-H100, ATR-Promotions Co., Ltd., Kyoto, Japan) for measuring electromyography. An armless, backless chair was adjusted to the height of the subject's knee (determined as the distance from the lateral knee joint line to the floor). The sit-to-stand (STS) movement was performed barefoot, and the distance between each foot was 10 cm, in accordance with previous research [22] . The participation moved at a self-selected velocity, comfortably, and performed the STS movement eight times without using her hands. 
Electromyography
Surface electromyography (EMG) (SE-C-AMP-H100, ATR-Promotions Co., Ltd., Kyoto, Japan) can be used with IMUs (TSND151) by connecting a cable to measure the muscular activation of the abdominal and back muscles during STS movements. EMG electrodes were placed on the right and left rectus abdominis and longissimus-part of the erector spinae-as shown in Figure 2 . The position was decided in accordance with previous research and SENIAM guidelines [23] . Prior to placing the electrodes, the skin at the electrode sites was shaved, cleaned with alcohol, and prepared using fine sandpaper. For optimal collection of the EMG signals, the electrodes were placed parallel to the muscle fiber orientation. EMG signals from each muscle were sampled at 1000 Hz. The acquired raw EMG signals were processed with a 50 Hz notch filter to reduce the noise associated with electrical interference. Then, the signal was full-wave rectified and filtered using a band-pass filter at 20-500 Hz.
Proposal of Musculoskeletal Models for Pregnant Women
A full-body musculoskeletal model of a pregnant woman was constructed using Biomechanics of Bodies (BoB: Marlbrook Ltd., Bromsgrove, UK). BoB consists of 36 skeletal segments and 666 locomotor muscle units. BoB's biomechanical software is based in the MATLAB environment (The MathWorks Co., Release 2016a, Tokyo, Japan) and thus inherits much of the analysis capabilities of MATLAB. It is capable of performing inverse dynamics analysis and uses optimization methods to solve for muscle torque distributions. BoB enables us to calculate the torque at the joints corresponding to the observed motion, the external force by inverse dynamics, and the muscle torque using an optimization approach [24, 25] . Skeletal information (e.g., the size and mass of each body segment) and muscular information (e.g., the origin, wrapping, and insertion point of the muscle) can be modified with BoB. By using this function, the following procedures were conducted to develop a model for pregnant women.
Changing the Skeletal Model
First, the size and mass of each segment was modified. In BoB, these values are derived by using a database based on data for men. Thus, these values needed to be changed to render them compatible with data regarding Japanese women. The size of each segment was expressed as the fractional size of the segment relative to the total body height in BoB. This information was altered by referencing averaged data on Japanese women (between 20 and 40 years old) [26] . Similarly, the mass of each segment was expressed as the fractional mass of the segment of the total body mass. Instead of this value, statistical information pertaining to Japanese women (between 19 and 35 years old) was used [27] . When choosing these values, the range of age was as consistent as possible with the age of pregnant women in Japan.
Changing the Muscular Model
During pregnancy, the abdominal muscles are stretched and weakened by an enlarged gravid uterus. This is a remarkable change to the musculoskeletal system that occurs during pregnancy, and thus it must be considered for a musculoskeletal model peculiar to pregnant women. In previous studies, basic information with respect to the waist girth and depth of a pregnant woman was collected to design maternity wear for the later stages of pregnancy. For purpose of this, body measurements and accurate silhouette photographing were conducted every two weeks from 26 weeks to 38 weeks of pregnancy, the measured values of change to the waist of pregnant women were generalized to be correct within a certain margin of error, for all women, including Japanese women [28] . Such information was used in the present study to determine the wrapping point of the rectus abdominis. The wrapping point of a muscle can be derived as the length from a joint, such as the spinal process in BoB. Thus, we used the body length information at the spinal level with respect to the girth and depth data from the previous study. Specifically, the waist girth of the participant was measured and the depth was calculated by using the measured depth and girth at 36 weeks of pregnancy from the previous study. For example, waist girth and depth are at approximately the point of the L2 spinous process, and the values at this point (L2) increased to 0.865 m and to 0.266 m ahead of the joint (L2) for a woman who was 36 weeks pregnant [29] . In the present study, these values were used to decide the wrapping point of the rectus abdominis. When the abdominal girth with respect to the point is measured-at 0.840 m in this study-the length can be derived by reference to the ratio of depth to girth. The values used in the calculation are listed in Table 2 . The girth can be measured by using a measuring tape, and this is standardly used in clinical practice. Figure 4 shows the appearance of the model for an average woman and a pregnant woman.
(a) (b) Table 2   Table 2 . Values used to determine enlarged rectus abdominis. 
Spinal Level

Data from Previous
Supplementing Body Weight during Pregnancy
The other characteristic change during pregnancy is weight gain. This change was determined following two previous research works regarding the musculoskeletal models of pregnant woman and inertial parameters of the lower trunk of pregnant women [17, 29] . This research pertained to musculoskeletal models of pregnant woman during the last trimester. Nakashima et al. added 0.95 kg to the breasts, 3.325 kg to the segments of the abdomen, arms, and legs, and 6.175 kg to the abdominal area around the uterus, for a total gain of 10.45 kg during pregnancy. A proportionate amount of weight was thus added to each segment of the participant in the current study. For example, based on the participant's own weight gain, 0.818 kg was added to the breasts, 2.864 kg to the segments of the abdomen, arms and legs, and 5.318 kg to the abdominal area around the uterus of the participant, who had gained 9.0 kg during pregnancy. In particular, the addition of mass in the abdominal area around the uterus required meticulous care because it is strongly related to a shift in the center of gravity. However, it is extremely difficult to measure the center of the uterus mass gained in pregnancy. Hence, the addition of mass to this area was decided putatively, by reference to previous research on the inertial parameters of the lower trunks of pregnant women [29] . Thus, the location of the center of mass of the lower trunk segment was estimated at 10.5 cm below the lower edge of the tenth rib and 15.35 cm forward from the posterior end of the lower trunk segment. In this way, mass was added to specific points of the musculoskeletal model. Figure  5 shows each point of additional mass in the model for pregnant women. The red circles indicate the points where mass was added. 
Measured Data Processing
Signal processing was performed for the STS experiment using data from each IMU attached to the body segments and MATLAB (The MathWorks Co., Release 2016a, Tokyo, Japan). The Madgwick algorithm is a method for accurate estimations of IMU orientations, and this method was used to obtain information regarding body segment orientation and joint angles. The algorithm calculates the attitude angle based on a fusion of measurements from an accelerometer, gyroscope, and magnetometer [30] . Figure 6 shows the coordinate system and the segment orientations and joint angles calculated in this study. The direction of the axis of the IMU, which was attached such that it matched the line along with the bone as closely as possible, was determined as the line of each segment. Pitch data was used to calculate the inclination angle for the flexion/extension of each body segment at the point of the attached IMUs: the joint angle of the ankle, knee, hip, and between the trunk and pelvis at the point between two IMUs. To calculate the inclination angle, the vertical axis in the sagittal plane was defined as 0 degrees, as a reference axis. On the other hand, the joint degree was defined as 0 degrees in the anatomically upright position. Equation (1) was used to calculate the joint angles. Before inputting the results of the motion analysis to the musculoskeletal model, skeletal and muscular information for the musculoskeletal model of a pregnant woman were modified to fit the measurements of the participant in this study, as described in Section 2.3. Then, the data from the change in the joint angle from the IMUs and the reaction forces from the ground and chair obtained from the WBBs were inputted to BoB to estimate the joint torque. Finally, the muscle torque was estimated using the joint torque through optimization in the model: (1) Figure 6 . Coordinate system and definition of angles in the study.
Estimating Co-Contraction Activation Using a GA
From a comparison between the results of the musculoskeletal model and EMG, it is observed that the co-contraction activation of agonist and antagonist muscles cannot be estimated with the current system. Thus, other estimation methods of the muscle torque of the rectus abdominis and erector spinae for pregnant women were needed to resolve the problem. However, most proposed methods for estimating muscle torque require measuring MVC tasks and the MVC of a rectus abdominis is risky during pregnancy. Consequently, an estimation method for the muscle torque and joint torque from EMG using a GA was selected [21] . With this method, some conversion models used to calculate torque from EMG data were proposed. From these models, the model shown in Equation (2) was used as a reference in this study:
est τ = estimated torque, i E = processed EMG signal, xj = associated model parameters.
Equation (2) expresses the formula for estimating joint torque est τ generated in the joint from the joint-bridging muscle, obtained from the EMG signal i E . Here, est τ indicates the muscle torque used for the motion of the joint. The purpose of this study was to estimate two muscles torques. That is to say, the EMG signal of the rectus abdominis and erector spinae were used to estimate the joint torque generated from these muscles. Owing to this, RA
E
and LO E denote EMG data for the rectus abdominis and erector spinae, respectively, and these were substituted for i E in Equation (2) . Therefore, Equation (3) was used in this study, where k denotes the sampling time:
RA E = processed EMG signal of rectus abdominis, LO E = processed EMG signal of Longissimus.
A system overview of this study is shown in Figure 7 . The joint torque during STS motions was calculated for the musculoskeletal model using the skeletal data, motion data, and force data by inverse dynamics calculation. Thus, this joint torque is precise by comparison to the estimated muscle torque from the current musculoskeletal model. Meanwhile, torque expressed using Equation (3) from EMG should be equal to the joint torque, and this was used as an input value. From these values, the muscle torque was estimated using an optimized GA using Equation (4) . The fitness values (FS) can only be maximized by determining a certain estimated torque ( est τ ) that fits the actual torque data ( act τ ). In this study, the calculated joint torque from the musculoskeletal model is regarded as the actual torque. Through Equation (4), the optimal associated model parameters ( j x ) were estimated using seven datasets for motion analysis from eight trials as learning data. Then, the parameters were validated using EMG data that was not used for learning. Additionally, the root-mean-square error ( RMSE ) was calculated to estimate each result from the learning sessions ( L RMSE ) and validation sessions ( V RMSE ) to evaluate the nominal performance of the learning session and the robustness of validation session, using Equation (5). Therefore, eight optimization calculations and estimations of the protocols were conducted in this study: 
Results and Discussion
Result of Estimating Muscle Torque with the Proposed Musculoskeletal Model of a Pregnant Woman
The estimated muscle torque of the rectus abdominis and erector spinae is shown in Figure 8 . As shown in the figure, weakened abdominal muscle torque in the pregnant woman was observed, and this was consistent with a previous study [2] . Simultaneously, the muscle torque of the erector spinae was increased in a model for pregnant women, compared to a model for non-pregnant women. This has also been demonstrated in previous research [5] . An assessment of muscle torque, especially in the muscles around the trunk segment of pregnant women can help to assess muscle stress related to LPP, and this is useful for managing LPP [31] . Furthermore, the antagonist activation of the rectus abdominis to the erector spinae as an agonist muscle was not conspicuous from EMG, as shown in Figure 9 . For example, the muscle torque of the rectus abdominis as an extension of the trunk when standing up from a chair was estimated at almost zero in the musculoskeletal model, as shown in Figure 10 . By contrast, EMG data indicated that the rectus abdominis activated simultaneously with the erector spinae. It is evident from this data that an estimation of the muscle torques from co-contraction activation is needed to understand muscle activation accurately. 
Results from Estimating Muscle Torque Using the GA
The results from validating the second trial are shown in Figure 11 . Here, the values denote the calculated joint torque and estimated torque, representing the sum of muscle torque for the rectus abdominis and erector spinae using the GA. The associated model parameters and calculated RMSE for the training data and the validation session are shown in the Table 3 . It is unsatisfactory that the results of muscle torque from the training session and validation session are different in each trial because this means that the results differ depending on the choice of training data. As shown in Table 2 , the RMSE results for the training data and the validation session were consistently similar in every trial with the proposal method. Regarding the delay of the timing of peak in the result of estimating muscle torque using the GA in comparison to act τ as shown in Figure 11 , the similar activation of back muscles after maximum bending was observed in previous research [32] . Hence, the result might represent the actual muscle activation. From these results, the model and the parameters obtained using the GA are suitable for predicting the muscle torque in co-contracted activations of the rectus abdominis and erector spinae. As an example of estimating muscle torque in the rectus abdominis and erector spinae using these associated model parameters as shown in Figure 12 , there were 18.62 N and 233.2 N of respective torque at 5.25 s into Trial 2. From these results, the rectus abdominis was estimated to generate about 8.0% of the torque generated by the erector spinae, although this value was estimated at almost zero with the musculoskeletal model that did not consider co-contraction activation of agonist and antagonist muscles. The activation of the rectus abdominis is responsible for flexing the lumbar spine, and it is instrumental in increasing joint stabilization. In fact, the muscle torque generated by the erector spinae was 223.2 N according to the musculoskeletal model. That is, this value is lower than that from the GA-optimized model at 5.25 s into Trial 2 in this study. Therefore, the muscle stress is thought to be higher than when the antagonist muscle is not activated. This mechanism cannot be overlooked when managing LPP during pregnancy. Indeed, the GA-optimized model provides important information. It is said that the weight gain and downward shift to the center of gravity in the forward direction during pregnancy increases muscle activation especially in back muscles, accumulating muscle stress that causes LPP. Moreover, less trunk stability from changes to the body structure can lead to co-contraction activations of the abdominal and back muscles to compensate for these changes. According to the results of this study, using the GA, co-contraction activation was observed as expected. Although the activation of agonist and antagonist muscles is useful to enhance trunk stability, it concurrently increases the muscle load of the back muscles. Thus, this activation is a notable point for managing LPP during pregnancy. The muscle activation and muscle torque of the trunk muscles of pregnant women can thus be accurately estimated using the method proposed in this study. In addition, the proposed method does not require measuring MVC tasks that are dangerous for pregnant women to perform. Therefore, the proposed method provides an effective and safe way to manage LPP during pregnancy.
Figure 12.
Results from estimating muscle torque of the rectus abdominis and erector spinae using the GA in Trial 2. Table 3 . Results of estimations using the genetic algorithm (GA). RMSE: root-mean-square error.
Associated Model Parameters
RMSEl RMSEv There were several limitations in the current study. First, the study used data from one person, rather than many participants. Therefore, further research is needed to investigate the versatility of the relationships observed in the study. Moreover, the model was made for Japanese women because the participant was Japanese. It would be ideal to construct various models using databases for women in other countries. Second, WBB only measures the vertical ground force. Consequently, some missing force from movement along the sagittal and lateral side cannot be denied. The results from muscle torque might be estimated as less than the actual values in this case. Although sagittal and lateral side motion is not especially important when sitting and standing, this limitation needs to be considered, especially when participant performs big motion at the sagittal and lateral side. Third, there are simplifications and assumptions for the musculoskeletal model, such as the size and mass of the segments of the body, using averaged values from the database. As a result, the values of muscle torque from this model cannot show the exact real values, although this model can reflect some individual features of muscle activation patterns using individual EMG data. On the other hand, the tendency for motion patterns to generate considerable muscle stress can be demonstrated. Thus, the results of the proposal method can be used to check for this tendency, and they can be used as a target indication in remedial therapy. Finally, the relationship between muscle stress and LPP in pregnant women was not evaluated. That is, it is unclear how the body should move and how the muscles should be used during pregnancy. Despite these limitations, however, the findings of the study and the proposed method will help to encourage assessments of muscle stress in the trunk muscles of pregnant women, which may in turn help to manage LPP.
Conclusions
The methodology for constructing a musculoskeletal model for pregnant women and estimating the co-contraction activation of muscles was presented in this paper. First, motion analysis was conducted for a pregnant woman to obtain motion, force, and EMG data during sit-to-stand motions. Then, a musculoskeletal model of a pregnant woman was developed, which considered the stretched rectus abdominis and weight gained during pregnancy. From the results of this evaluation, weakened abdominal muscle torque in pregnant women was observed using the model. Finally, the co-contraction activation of trunk muscles was estimated using a genetic algorithm, in an effort to remedy a defect in the musculoskeletal model. This proposed method enables us to assess muscle torque in a safe manner, without imposing added burdens on pregnant women. Future research on a diverse set of women-with varying body features from different ethnic backgrounds-will extend the application of the proposed method in the clinical field.
